The phylogenetic relationships of 492 chub (Leuciscus cephalus) belonging to 89 populations across the species' range were assessed using 600 base pairs of cytochrome b. Furthermore, nine species belonging to the L. cephalus complex were also analysed (over the whole cytochrome b) in order to test potential allopatric hybridization with L. cephalus sensu stricto (i.e. the chub). Our results show that the chub includes four highly divergent lineages descending from a quick radiation that took place three million years ago. The geographical distribution of these lineages and results of the nested clade analysis indicated that the chub may have originated from Mesopotamia. Chub radiation probably occurred during an important vicariant event such as the isolation of numerous Turkish river systems, a consequence of the uplift of the Anatolian Plateau (formerly covered by a broad inland lake). Dispersion of these lineages arose from the changes in the European hydrographic network and, thus, the chub and endemic species of the L. cephalus complex met by secondary contacts. Our results show several patterns of introgression, from Leuciscus lepidus fully introgressed by chub mitochondrial DNA to Leuciscus borysthenicus where no introgression at all was detected. We assume that these hybridization events might constitute an important evolutionary process for the settlement of the chub in new environments in the Mediterranean area.
INTRODUCTION
Leuciscus cephalus sensu stricto (hereafter called the chub) is the most abundant and widespread species in Europe. Its distribution range extends continuously from the Ural basin to the north of Spain and from the south of Sweden to Italy (Berg 1949 ) (¢gure 1). Thus, it indistinctly encompasses the Danubian and nearly all Mediterranean districts (Banarescu 1989; Bianco 1990) . Despite this distribution pattern, the chub is considered as a Danubian species which has used river captures in order to extend its range southwards (Banarescu 1989 (Banarescu , 1990 . A study of the chub in the Balkan Peninsula (Durand et al. 1999c) showed the importance of river captures and river con£u-ence connected with sea level lowering in the dispersion of this species. However, although several fragmentation and dispersion events have been detected through its genetic structure (Durand et al. 1999c) , no conclusions have been drawn concerning the origin and main evolutionary process, i.e. vicariance or dispersal process, leading to the diversi¢cation of this species.
Chub colonization in Mediterranean districts may be interpreted as a secondary intergradation (census Mayr 1963) since several endemic Leuciscus sp. are found within the Mediterranean region. From west to east, these endemic Leuciscus are Leuciscus aradensis, Leuciscus torgalensis (Coelho et al. 1998) , Leuciscus carolitertii and Leuciscus pyrenaicus in the Iberian Peninsula (Doadrio 1987) , Leuciscus lucumonis in Italy (Bianco & Recchia 1983) , Leuciscus zrmanjae, Leuciscus illyricus and Leuciscus svallize in the Western Balkans (Bianco & Knezevic 1987) , Leuciscus keadicus in Greece (Economidis 1991) , Leuciscus borysthenicus in Greece and around the Black Sea, Leuciscus smyrnaeus and Leuciscus lepidus in Turkey (Balik 1979; Kuru 1979; Bogutskaya 1994) , Leuciscus aphipsi in Transcaucasia (Banarescu 1992) , Leuciscus ulanus and Leuciscus persidis in Iran (Coad 1998) and Leuciscus squaliusculus in the Aral Sea basin (Banarescu 1992) . These species show narrow range distributions that are sometimes restricted to only one river (e.g. L. keadicus in Greece where it is only observed in the Evrotas river). All these endemic Leuciscus species belong in the L. cephalus complex census Bianco (1983) and these are considered (Banarescu 1989; Doadrio & Carmona 1998) to be descendants of peripheral isolates (Bush 1975 ) of a widespread ancestral species, which was later reinvaded by the Danubian L. cephalus. During the dispersal of the chub, contacts between this species and those of the L. cephalus complex probably occurred. The likelihood of these contacts is strong since chub habitat includes lakes as well as both headwater and lowland courses in the same river basin. What were the consequences of the breakdown of geographical isolation?
Introduction of congeneric exotic species has often led to hybridization or introgression (Rhymer & Simberlo¡ 1996; Avise et al. 1997) . Furthermore, intraspeci¢c variability resulting from introgression is widely recognized in ¢shes (Dowling & DeMarais 1993; Dowling & Secor 1997) . Hybridization is known to have played an important role in even the highest taxonomic levels in the evolutionary history of the cyprinid family (Gilles et al. 1998) . Finally, there is also an example of natural hybridization in the L. cephalus complex, leading to the formation of the hybrid species Leuciscus alburnoides (Zardoya & Doadrio 1998; Collares-Pereira et al. 1999) , which forms a hybridogenetic complex with L. pyrenaicus (Alves et al. 1997; Carmona et al. 1997) . Thus, genetic introgressions between endemic species of the L. cephalus complex and its ubiquist form, i.e. L. cephalus, is strongly expected.
The aim of this study was to highlight evolutionary mechanisms that have shaped the genetic variability of the chub. This task was performed by analysing 600 base pairs (bp) of a mitochondrial gene, i.e. cytochrome b, and its genetic structure was then tested by nested clade analysis (NCA) (Templeton et al. 1995) . Second, biogeographical relationships of the chub with its close species belonging in the L. cephalus complex were highlighted by comparison of mitochondrial, morphological and allozymic data.
MATERIAL AND METHODS

(a) Populations sampled
A total of 492 chub were collected from 89 populations across the species' range (¢gure 1) (see the complete list of populations analysed with their observed haplotypes in the electronic appendix found on The Royal Society Web site). Out of these 492 ¢shes, 184 from the Balkan Peninsula and 161 mostly from north European countries had been analysed previously (Durand et al. 1999a,b,c) . Several endemic species belonging to the L. cephalus complex were also collected ( Figure 1 . Distribution area of the chub (in grey) with our sampling sites. 1, Kymiojoki; 2, KokemÌenjoki; 3, Eman; 4 and 5, Nemunas; 6, Vistule; 7^9, Elbe; 10, Weser; 11 and 12, Rhin; 13, Meuse; 14, Tamise; 15^17, Loire; 18, Garonne; 19, Herault; 20 and 21, Rhoª ne; 22, Ebre; 23, Alento; 24, Poª ; 25, Drin; 26, Lake Skadar; 27 and 28, Lake Prespa; 29, Aoos; 30, Thyamis; 31, Aheron; 32, Louros; 33, Arachthos; 34, Acheloos; 35, Evinos; 36, Pinios; 37 and 38, Al¢os; 39, Miras; 40, Manikiotiko; 41, Kirinthos; 42, Sperchios; 43, Holorema; 44, Pinios; 45^47, Aliakamon; 48 and 49, Axios; 50 and 51, Strymon; 52, Nestos; 53, Kompsatos; 54, Filiouris; 55 and 56, Evros; 57, Bakircay; 58 and 59, Gediz; 60, Gumuldur; 61, BÏyÏk Menderes; 62 and 63, Esen; 64, Seyhan; 65, Orontes; 66, Susurluk; 67, Sakarya; 68, Kizilirmak; 69, Yesilirmak; 70^74, Danube; 75, Kamtcha; 76, Dniester; 77, Don; 78, Volga; 79, Rubas; 80, Uluchaj; 81 and 82, Arax; 83, Lake Degirmi; 84 and 85, Tigre; 86^89, Euphrate. ¢shes' head (Bogutskaya1994,1997) were kindly examined by N. Bogutskaya. The allozymic background of several samples analysed in this study, i.e. L. lucumonis (Ketmaier et al. 1998) and L. cephalus from the Miras, Louros, Arachthos, Aoos and Kirinthos rivers (Doadrio & Carmona 1998) , had been previously investigated.
We also included three samples of Ladigesocypris ghigii (a species found in South-Western Anatolia and on the island of Rhodes) in this study since its systematic status is poorly known (Bogutskaya 1997) . Furthermore, a study based on the sequence of cytochrome b has shown that this species belongs to the L. cephalus complex ( J. D. Durand, unpublished data).
(b) Mitochondrial DNA ampli¢cation and sequencing
Total genomic DNA was extracted from scales following the protocol described by Kocher et al. (1989) . The ampli¢cation conditions for the polymerase chain reaction (PCR) were 30 cycles of denaturation at 94 8C for 1min, annealing at 53 8C for 30 s and extension at 72 8C for 1min. The PCR was performed in a 50 m l reaction volume containing 12.5 nM MgCl 2 , 10 nM of each of the four deoxynucleotides, 1 m l of each 10 mM primer, 10X PCR bu¡er II (Perkin-Elmer Cetus; Perkin-Elmer, Norwalk, CT, USA) and 2 U Amplitaq (Promega, Madison, WI, USA) in a programmable thermal cycler (Perkin-Elmer Cetus, model 9600). A fragment of 650 bp of the 5' cytochrome b extremity of all samples was ampli¢ed. The PCR primers used were L15267 and H15891 (Briolay et al. 1998) . In order to strengthen phylogenetic reconstructions, whole cytochrome b (1140 bp) was ampli¢ed for all Leuciscus species and some L. cephalus with representative haplotypes of chub genetic diversity. The PCR primers used were L15267 and H16526 (for PCR conditions see Briolay et al. (1998) ). Double-stranded PCR products were puri¢ed with Qiaquick (Qiagen, Santa Clarita, CA, USA) columns.
The primers used for sequencing (Briolay et al. 1998 ) were L15267, H15512, H15833, L15639, H16461, H16166 and L15840.
DNA was ampli¢ed in a total of 10 m l of AmpliTaq (Promega) and sequences were generated from PCR products by running cycle sequencing reactions on an ABI 373 automated sequencer.
(c) Statistical analyses
Sequences were aligned using the SEAVIEW program (Galtier et al. 1996) . Genetic variability (identi¢cation of polymorphic sites, GC content and haplotypic and nucleotidic diversities) was assessed with the SITES (Hey & Wakeley 1997) and DnaSP 3.0 programs (Rozas & Rozas 1997) . Relationships between genotypes were determined by both maximumparsimony (MP) and distance methods with the PHYLO____WIN program (Galtier et al. 1996) . The parsimony algorithm implemented in PHYLO____WIN is that of the DNAPARS program from the PHYLIP package (Felsenstein 1993) . Distance trees were estimated according to the neighbour-joining (NJ) method of Saitou & Nei (1987) , with Kimura's (1980) two-parameter model and Tajima & Nei's (1984) distance. The bootstrap resampling technique was used in order to assess the statistical signi¢-cance of internal nodes. Because of the close relationship between L. carolitertii, L. pyrenaicus and L. cephalus (Briolay et al. 1998) , ¢ve cytochrome b sequences of Iberian Leuciscus sp. (Brito et al. 1997) were used as outgroups in order to root the tree based on 600 bp. We used Rutilus rutilus and Abramis brama (Briolay et al. 1998) as outgroups and some additional sequences of Iberian Leuciscus species (including Iberocypris as shown by Zardoya & Doadrio (1998) ) in order to estimate phylogenetic links of species from the L. cephalus complex.
Finally, we used NCA (Templeton et al. 1995; Templeton 1997 Templeton , 1998 in order to detect and test (i) some evolutionary mechanisms responsible for the spatial distributions of the genetic patterns observed, and (ii) some possible shortcomings in the sampling scheme. Numerous descriptions of this test have been published (see Templeton et al. 1995; Durand et al. 1999c; Shaw 1999 
RESULTS
(a) Cytochrome b sequence variation
Out of the 492 chub samples analysed over 600 bp, 95 genotypes (see the electronic Appendix) were identi¢ed (accession numbers AJ002319^AJ002352, AJ006887Â J006902 and AJ389551^AJ389580). Excluding the genotype`Mira', which was observed in the Miras population and which is not a chub genotype (see ½ 3(b)), 137 sites were variable within 94 genotypes and 117 were parsimony informative. Out of 151 mutation events, 129 were transitions and 22 transversions. No indels were observed.
The nucleotide composition of 600 bp of the cytochrome b segment sequenced was globally G de¢cient (17.3%), whereas similar frequencies were observed for the other three nucleotides (A 25.5%, C 28.6% and T 28.6%). Such a nucleotidic composition pattern has been reported in several other ¢sh studies (for a review, see Johns & Avise 1998) .
Of the 1140 bp sequenced for several L. cephalus and all Leuciscus species (accession numbers AJ252783^AJ252821 and AJ251090^AJ251094) 369 sites were variable and 326 were parsimony informative. Most mutation events were transitions (nˆ353), with some transversions (nˆ101), 
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Oro2 ( whereas no indels were observed. The nucleotide composition of cytochrome b over 1140 bp was similar to the nucleotide composition of the 5' cytochrome b extremity (600 bp).
(b) Phylogenetic relationships between cytochrome b genotypes The NJ analysis showed that all 94 chub genotypes belonged to only four previously de¢ned, phylogenetic (Durand et al. 1999c ) lineages (¢gure 2), i.e. the Aegean, Eastern, Western and Adriatic lineages. Monophyly of these lineages was di¡erently supported since the Aegean and Adriatic lineages were strongly supported (94 and 91%, respectively) whereas the Eastern lineage included high divergent haplotypes and was not supported (bootstrap 5 70%) (¢gure 2). However, with 1140 bp genotypes, the monophyly of the Eastern lineage was supported in the NJ tree topology (72%) (¢gure 3) even if there were not enough informative sites to be supported with parsimony analysis. All other lineages were strongly supported whatever the phylogenetic method used (¢gure 3). The average pairwise di¡erences (on 1140 bp) between these four phylogenetic lineages ranged between 5.14% (Western^Aegean) and 6.527% (Eastern^Aegean) with an average pairwise di¡erence within the L. cephalus clade of 5.9%, as found previously (Durand et al. 1999b ). However, the average pairwise di¡erences within these lineages were higher for Western and Eastern lineages than di¡erences observed previously (Durand et al. 1999b ) (3.275 and 4.977%, respectively). The Eastern lineage had the highest within-average pairwise di¡er-ences whereas the Aegean lineage had the lowest (2.315%). Increases in the genetic divergence within the Western, Eastern and Aegean lineages were strongly linked to newly found genotypes in Turkish populations, which appeared basal to nearly all lineages (¢gures 2 and 3).
The monophyly of the L. cephalus complex was strongly supported, as was the monophyly of L. cephalus sensu stricto (¢gure 3). L. borysthenicus and L. smyrnaeus formed a supported clade in the phylogenetic trees (¢gure 3) that appeared basal to the Mediterranean Leuciscus species. Furthermore, all trees indicated some strong phylo- (c) Geographical distribution of mitochondrial DNA genotypes and population di¡erentiation The geographical structure of the four lineages was quite di¡erent. Thus, the Adriatic lineage showed a clear continuous distribution around the Adriatic Sea from the south of the Italian peninsula to the Peloponnese in Greece at sites 23^38 (¢gure 1). In contrast, the Western lineage had a strong vicariant distribution since it was found in the Euphrates (sites 86^89) located in the Eastern area, in the Gumuldur (site 60) located in the Aegean area and in rivers of central and western Europe. Surprisingly, the Aegean lineage that showed a continuous distribution (sites 40 and 41 and 50^69, with the exception of 60 and 67) was also observed in the Ebro river (site 22) in Spain.
The highest genetic diversity was observed in Turkey where three phylogenetic lineages were found: the Aegean, Western and Eastern (¢gure 3). No lineage sympatry was observed in Turkey even if the Eastern and Western lineages were found in the Tigris^Euphrates basin. Finally, over the whole range of the chub, lineage contact (sympatry) was observed in only one river, the Elbe (Durand et al. 1999b) . In contrast, haplotypic (H) and nucleotidic diversities (P) were very low within chub populations (table 2) . These molecular indices were calculated for populations with more than nine samples analysed in order to reduce the variance. Although there were very few genetic divergences between L. cephalus and L. lepidus, there was some di¡er-ence between these species concerning the geographical structure of polymorphism. L. lepidus belonged to only one lineage whereas, over the same geographical distribution, L. cephalus belonged to three lineages (¢gure 3). This is particularly remarkable in the Euphrates and Seyhan rivers where L. lepidus belonged to a lineage that di¡ered from closely neighbouring populations of L. cephalus (¢gure 3).
(d) Nested clade analysis
The nested design (see the electronic appendix) showed ¢ve disjoint portions using the rules given in Templeton et al. (1987) and Templeton & Sing (1993) . These portions mostly agree with previous trees (¢gure 2) characterizing one Aegean lineage, one Adriatic lineage, one Western lineage and one Eastern lineage. This last lineage is characterized in the nested design by two disjoint portions as a result of the high number of mutational events (4 40 mutations) between clades 5-4 and 3-9.
The resulting inferences about population structure and history, when the key given in Templeton's appendix (1995 Templeton's appendix ( , 1998 ) is applied to the statistical results (shown in electronic Appendix A, table A2 on The Royal Society Web site), are shown in ¢gure 2. In both the Eastern and Adriatic lineages past fragmentation is the main evolutionary process that has shaped the genetic structure over a wide geographical range (¢gure 2). In more local areas such as in the Patras Gulf (clade 1-6) or along the Albanian coast (clade 2-4) some dispersal events were detected by NCA. In contrast, in the Aegean and Western lineages a succession of fragmentation and dispersal events were detected by NCA. In both lineages, range expansion seems to have been an important evolutionary process since it was detected in high nested clade levels: 5-1 and 5-2, respectively.
All inferences from the NCA were superimposed on the phylogenetic trees (¢gure 2) in order to highlight the chronology of the dispersal and fragmentation events. The oldest events detected in the genetic structure of the chub are fragmentations that have isolated all lineages. In contrast, the most recent events are dispersal events.
DISCUSSION
(a) Genetic diversity and demographic history of the chub The chub has one of the greatest intraspeci¢c genetic diversities in cytochrome b among freshwater ¢shes. Only Galaxias maculatus shows a higher level of divergence in cytochrome b than that of the chub (Waters & Burridge 1999). However, in comparison with the chub, G. maculatus has a wider distribution range and it is not a primary freshwater ¢sh. Four di¡erent evolutionary lineages (phylogroups) were observed in the chub, which is very uncommon, particularly for a ¢sh (Avise & DeEtte 1999) . Furthermore, within these lineages divergences are remarkably high (2.32^4.98%) and sometimes similar to the divergence of closely related species such as L. borysthenicus and L. smyrnaeus (4.34%). As proposed for G. maculatus (Waters & Burridge 1999) , all these characteristics should indicate that L. cephalus has historically maintained very large population sizes, preventing lineage sorting and allowing gradual accumulation of mitochondrial DNA (mtDNA) diversity. However, both polymorphic indices (haplotypic and nucleotidic diversities) (table 3) in chub populations are low, which is not in agreement with this assumption. The chub population may have experienced many demographic £uctuations (crashes) which would explain the low intrapopulation diversities , as was observed for populations of sardines (Bowen & Grant 1997) or the Death Valley pup¢sh (Duvernell & Turner 1998) . Thus, lineage sorting probably occurred within chub populations and explains the lack of lineage sympatry, particularly in populations among which secondary contacts are supposed, i.e. Aoos river, rivers of Central Greece (Durand et al. 1999c ) and Black Sea drainages (Durand et al. 1999b ). This mtDNA lineage sorting was easier in the (Kimura's (1980) two parameters and Nei's (1972) Doadrio & Carmona 1998 maternal haploid inheritance of the mitochondrial genome. Finally, the high genetic diversity observed within the L. cephalus species may result from the gradual isolation (fragmentation) of the chub populations during their dispersion but the mtDNA diversity may be deeply prevented by lineage sorting for populations not fully isolated. This is particularly clear for populations in rivers where con£uences during sea regression are known, i.e. the Thyamis^Aheron^Louros^Arachthos, Drin^PrespaÂ oos, Acheloos^Evinos^Pinios and Strymon^Nestos rivers (Durand et al. 1999c ). This interpretation was con¢rmed by the NCA, which indicated that main fragmentation events are detected in high divergence levels whereas the dispersal events are found in low divergence levels (¢gure 2).
(b) Origin and evolutionary processes
Like all ubiquist freshwater ¢sh present in northern European rivers, the chub is classically described as an element of the Danubian ichthyofauna (Banarescu 1990 ). However, the assumption of a Danubian^north-European origin for the chub is not consistent with our results since no Danubian haplotypes were basal in any tree topology (¢gures 2 and 3). Moreover, the NCA (¢gure 2) indicated that the`Western lineage' clade that contains the haplotypes from the Danube experienced signi¢cant range expansion and fragmentation events. The oldest members of the Western lineage clade are found in the Persian Gulf and Aegean basins and the more derived haplotypes were a¡ected by range expansions into the Danubian^north-European basins. Hence, these range expansions clearly occurred from east to west^north within the Western lineage clade. The Danube has certainly played an important role in the evolutionary history of the chub, particularly during the Pleistocene glaciations since it was a refugium for the chub (Durand et al. 1999b) , but the origin of this species was probably located more eastward in Turkey (Tigris^Euphrates basin). Furthermore, of the three phylogroups observed in Turkey, two were found in the Tigris^Euphrates system, which is in agreement with a Mesopotamian origin. As far as we know, this is the ¢rst study that suggests an origin other than the Danube for a wide-range European freshwater species.
The genetic structure of the chub indicates a quick radiation that led to the four contemporary phylogroups. This diversi¢cation took place through important fragmentation events as indicated by the NCA (¢gure 2). According to the evolutionary clock of Zardoya & Doadrio (1999) (1.8% sequence divergence per million years (Myr)) or Brown et al. (1979) (2% sequence divergence per Myr) these events may have occurred during the Pliocene (3^2.5 Myr ago), just before the Pleistocene era. During this period Anatolia was covered by a big inland lake that probably connected numerous rivers from the Aegean Sea eastward with the Euphrates basin (Kosswig 1955; Banarescu 1990; GÎrÏr et al. 1995; Demirsoy 1996) . This wide hydrographic system may have allowed a quick dispersion of the chub from Mesopotamia over the Anatolian Plateau. However, this extensive river connection was probably temporary because of the orogenic activity in the region (uplift of the Anatolian Plateau with the contact between the African and European plates) and the climatic changes during the Pliocene era (Fairbridge et al. 1997 ). This stage of river isolation was probably the main vicariant event that led to the quick chub radiation.
The fragmentation events are the main evolutionary process shaping the geographical variation of both Eastern and Adriatic lineages (¢gure 2). As most of the genetic variation of the Eastern lineage is located in the supposed Mesopotamian origin (Tigris sites 84 and 85, Orontes site 65, Degirmi Lake site 83 and Arax sites 81 and 82) (¢gure 1), fragmentation is the obvious expected evolutionary process. With regard to the Adriatic lineage, a previous study (Durand et al. 1999c) has shown the importance of ancient river capture in the distribution of chub belonging to this lineage. This may explain the importance of the fragmentation events in this lineage since old river capture constitutes a strong vicariant event (Strange & Burr 1997) . In contrast, range expansions are observed at a high nested level in the Aegean and Western lineages. For the Aegean lineage this was interpreted (Durand et al. 1999c) as being the result of a dispersion through the Aegean Sea when low salinity was encountered. This may also be the case for the Western lineage since dispersion from Turkey to Central Europe was possible across the Black Sea when it was a freshwater lake during glaciations (Grosswald 1980; Ryman et al. 1997) .
(c) Secondary contacts: allopatric hybridization
Dispersion of the chub and secondary contacts has probably played an important role in the evolution of endemic Mediterranean species belonging to the L. cephalus complex. These endemic Leuciscus species presumably descend from a former wave of colonization ( J. D. Durand, unpublished data) that took place during the Messinian salinity crisis (5.3 Myr ago). This assumption is strongly consistent with the level of sequence divergence observed among species (without sequences of the L. borysthenicus^L. smyrneaus clade since they were basal to the clade including all Mediterranean species) of the L. cephalus complex (10.62%) according to the evolution rate of 1.8% per Myr (Zardoya & Doadrio 1999 ) or 2% per Myr (Brown et al. 1979 .
Allopatric hybridization between the chub and endemic Leuciscus species seems to have been a widespread evolutionary phenomenon since several patterns of genetic introgression have been observed among the endemic species. Our results based on cytochrome b indicate that L. lepidus is fully introgressed by the chub since we have not observed any genotype really di¡erent from those of the chub. Even in systems such as Lakes Beyshir and Aksehir where the chub is not present, the samples of L. lepidus analysed have chub-like haplotypes belonging in the Eastern lineages (¢gure 3). These results question the validity of the taxonomic status of this species. However, according to Bogutskaya (1994) there are several morphological di¡erences between L. lepidus and other Leuciscus speciesöincluding the chuböthat make L. lepidus the most distinct member of the L. cephalus complex. Furthermore, if there are no clear L. lepidus genotypes, this species presents a geographical structure of its polymorphism that is di¡erent from that of the chub, thus indicating a partial reproductive isolation. All these results highlight two interesting points concerning the evolutionary history of L. lepidus.
(i) L. lepidus and L. cephalus might have had di¡erent dispersion histories over the same geographical range. (ii) L. lepidus introgression by the chub is ancient, explaining the complete sorting of the lepidus lineage. This is in agreement with our assumption of a Mesopotamian origin for the chub since both species would have been in contact very soon, just at the beginning of the dispersion of the chub over its present range.
L. lucumonis, L. zrmanjae (in the Krka population) and L. ghigii are endemic species with chub-like genotypes that are consistent with the geographical structure of chub polymorphism. However, the main samples of these species show genotypes that are distinct from chub genotypes (¢gure 3), indicating an incomplete lineage sorting within these species. Furthermore, a previous allozymic analysis ( Keitmaier et al. 1998) has shown that it was not possible to discriminate L. lucumonis from the chub since the Nei distances are very low (table 3). All these data (mtDNA and allozymic) are consistent with an allopatric (natural) hybridization and indicate that L. lucumonis may have formed a hybrid swarm with the chub, a newcomer in Italian rivers.
Genetic introgression was not expected in L. keadicus, which does not live in sympatry with the chub. Present molecular data are consistent with previous allozymic results (Doadrio & Carmona 1998) (table 3) that clearly di¡erentiated L. keadicus from the other Leuciscus species. However, surprisingly, the chub from the Miras river (site 39, ¢gure 1), the geographically closest population to L. keadicus, present a L. keadicus-like genotype (¢gure 3) with an allozymic pattern of L. cephalus (Doadrio & Carmona 1998) (table 3) . The historic range of L. keadicus was probably wider than at present, including the River Miras, but was reduced by the incoming chub. Extinction by hybridization has already been suspected in numerous studies (for a review, see Rhymer & Simberlo¡ 1996) but usually in the context of arti¢cially introduced species. This study is one of the rare ones that documents natural extinction of an endemic species following a secondary contact. Another case study is known but concerns North American bison (Guthrie 1970) . Natural introgressions into allopatric populations of a former species have been reported and, among others, in some freshwater ¢sh (Duvernell & Aspinwall 1995; Glemet et al. 1998) ; however, the former species was not eliminated and only lost its mtDNA for the newcomer's mtDNA.
Absence of the chub mtDNA lineage within the hybrid population of the Miras indicates that, historically, L. keadicus provided the female parent in interspeci¢c crosses. This genetic structure (i.e. an mtDNA strain from one species and a nuclear DNA strain from another species) has been observed in ¢shes such as Lepomis (Avise & Saunders 1984) , Micropterus (Avise et al. 1997) and Salvelinus (Glemet et al. 1998 ) and has highlighted a tendency for the rare species in a hybrid cross to provide the female parent. This suggests that the chub was probably more abundant than L. keadicus when they were in sympatry. However, the cephalus lineage sorting in the Miras population is di¤cult to understand if the initial abundance of the chub was large. A possible explanation for this lineage sorting within the chub population may be a selective advantage of the keadicus mtDNA on a nuclear background of L. cephalus. This scenario implies that the selection acting on mtDNA is relatively independent of the nuclear background, which was also suggested for hybrid populations of mussels (Quesada et al. 1999) .
The Iberian Leuciscus and Croatian L. illyricus, L. borysthenicus and its close species L. smyrnaeus did not present any introgressive pattern with the chub (table 3) . However, the sample sizes were too limited to really test any assumption of genetic introgressions although L. cephalus and L. pyrenaicus live in sympatry in the Ebro river. In contrast, the chub rarely lives in sympatry with L. borysthenicus since this species occurs all around the Black Sea and is restricted to coastal lakes and lower parts of basins, environments that are not favourable for the chub. This observation might explain the lack of introgressive pattern although too few samples of L. borysthenicus and L. smyrnaeus were analysed to really demonstrate the absence of hybridization between these species and L. cephalus.
CONCLUSION
The genetic structure of the chub presents numerous convergence points with that of the house mouse (Boursot et al. 1996) , i.e. high genetic divergences between and within phylogenetic lineages. This genetic structure seems characteristic of widespread species with high evolutionary population sizes (even if strong demographic £uc-tuation deeply reduced local diversity). Our results strongly suggest that Mesopotamia was the cradle of the L. cephalus species and the disappearance of the big Anatolian lake at the end of the Pliocene (3.5^3 Myr) should be the main vicariant event responsible for its quick radiation. Dispersion of the chub occurred progressively, leading to the diversi¢cation of every lineage until the chub reached the range of the endemic species of the L. cephalus complex. Secondary contact of the chub with its endemic close species that were restricted to some Mediterranean areas led to several hybridization events and genetic introgressions. Extinction by hybridization of some endemic species such as the L. keadicus in the Miras river probably occurred. These hybridization events have probably constituted an important evolutionary process for the settlement of the chub in new environments. Horizontal transfer of adapted alleles from endemic species may have favoured the dispersion of chub of hybrid origin at the expense of the former species. Allele transfer might explain the very large Nei distance observed in the allozyme data within the chub populations (table 3), distances which are similar to those observed between close species (Avise & Aquadro 1982) . Hybridization as a source of variation for the adaptation to new environments has been described (Lewontin & Birch 1966) for another wide-range species, the fruit £y Dacus tryoni and several theoretical descriptions have been published (for reviews, see Arnold 1992; Dowling & Secor 1997) .
Hybridization as an important evolutionary process within species of the L. cephalus complex is still to be demonstrated. Despite our results, with the exception of the Miras population, we have found no clear genetic introgression within chub populations. If allozyme data show the same genetic divergence among chub populations and between close species, it is not possible to Evolution of Leuciscus cephalus J. D. Durand and others 1695 discriminate chub variation due to hybridization. We need more diagnostic markers than the sole mtDNA as this single maternally transmitted locus provides only poor insight into the importance of horizontal transfers. The use of several nuclear markers may provide important data for testing the likelihood of a reticulate evolution within the chub and its sister species.
